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ARTICLE INFO ABSTRACT

Keywords: In the fertile Ganges-Brahmaputra-Meghna (GBM) delta, which spans the boundary from West Bengal in India

Delta and Bangladesh, the availability of freshwater is crucial to subsistence livelihoods and protected ecosystems.

Salt intrusion Controlled by large tides and widely variable river discharge, the delta experiences rising river salinity and salt

f]il;%zié:lhmo delling intrusion, as well as seasonal flooding during the monsoon.

Climate change Future climate change is projected to increase rainfall in South Asia and river discharge in the GBM system. We

Tides address how this process might combine with sea-level rise (SLR) to control future river salinity. Model exper-
iments designed using a range of SLR and climate change scenarios are performed to investigate the forces
controlling river salinity in the delta. A flexible mesh modelling approach allows us to investigate the impacts at
a wide range of time and space scales.

In future projections the disparity between wet and dry season salt intrusion intensifies. In the future, SLR acts
to increase river salinity in the GBM delta. During the dry season, this effect is worsened by reduced river
discharge. In the wet season, this can be mitigated in the eastern part of the delta by larger seasonal river flows.
The central and western delta is dominated by SLR, leading to increased salt intrusion all year round, impacting
on water resources and agricultural productivity. In the context of an intensifying hydrological cycle, these
conclusions have implications for similar tide-dominated deltas, where SLR can increase tidal range, and

therefore exacerbate salt intrusion.

1. Introduction

River deltas form, usually, where a sediment-laden river meets the
sea, depositing sediment, which builds up into a triangular-shaped piece
of land, named for the Greek letter A. Globally, river deltas are very
important for human occupation, providing low-lying fertile land, which
can provide subsistence for some of the poorest people on the planet, as
well as being the location of many mega-cities (Syvitski et al., 2009).
Deltas can be classified as wave-, tide- or river-dominated (Galloway,
1975), although Caldwell et al. (2019) point out that the river and
sediment load are the delta-building processes, whereas waves and tides
are generally destructive (Nienhuis et al. 2015, 2018). At the same time,
they are exposed to natural processes of erosion and flooding, especially
for tropical deltas exposed to the risks of tropical storms, and at the
mercy of fluctuations in seasonal rainfall, such as the annual monsoon in
South Asia. Deltas are also being increasingly threatened by sea level rise
(SLR), due to external factors like global warming, as well as local
subsidence (Syvitski et al., 2009). Although the majority of deltas appear
to be gaining land to date (Nienhuis et al., 2020), as SLR accelerates
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(Nerem et al., 2018) this may change in the future. They are also an
interface between the high-salinity water of the sea and the freshwater
from the river and the water quality of the brackish water in the delta
distributaries can have important implications for human health and
agriculture. Sea-level rise, combined with fluctuating river discharge is
causing an increase in salinity intrusion in many deltas worldwide
(White and Kaplan, 2017), e.g. Mekong (Eslami et al., 2019); Yangtze
(Dai et al., 2011); Ganges-Brahmaputra-Meghna (GBM) (Sherin et al.,
2020); Pearl River (Hong et al., 2020; Liu et al., 2018).

This paper identifies the key factors controlling salinity intrusion in
the low elevation coastal zone (LECZ), and investigates how future
changes in climate, precipitation, discharge, and SLR affect river
salinity. Climate change is predicted to accelerate the water cycle
(Kundzewicz, 2008), which can an lead to benefits through increases in
annual runoff, the advantages will be weighed with increased variability
and seasonal runoff shifts exacerbating salt intrusion. Changing river
discharge and SLR will also impact the tidal dynamics: an analysis of
changing tides and currents in the wet and dry periods is performed, to
understand better how these mechanisms will influence seasonal
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salinity. We investigate the tidal and seasonal controls on salinity, and
also address the interaction of coastal and river salinity, which will in
turn impact upon the water table, drinking water from tube wells and
soil salinity. Lastly we draw conclusions about how these climate driven
changes may impact freshwater availably during rice growing seasons.
Though this work is specific to Bangladesh, we believe the conclusions
to be applicable to similar deltaic environments where the tide
dominates.

2. Site description

The GBM delta is highly fertile, being intensively farmed with rice as
a primary crop; to maximise production, river water is used for irriga-
tion, and therefore water quality and local salinity are important to
agriculture. Water salinity below 1 is the threshold for drinking water,
while the critical salinity level for agriculture is 2 (Dasgupta et al.,
2014). In recent years there has been an increase in river salinity
(Dasgupta et al., 2014). Clarke et al. (2015) state that once the dry
season irrigation water exceeds a salinity of 5, the monsoon rainfall is no
longer able to leach out the dry season salt deposits, leading to further
salt accumulation. Soil salinity has also been increasing in coastal
Bangladesh over the last 30 years (Salehin et al., 2018). Soil salinity has
a complicated spatial pattern, determined in part by river salinity,
groundwater salinity, and management practices (Salehin et al., 2018).
In unprotected areas, brackish water can inundate large areas of land,
driven by natural changes in water levels through tidal and seasonal
processes. Agricultural land is often separated from the rivers by pol-
ders/embankments, to prevent seawater overtopping. Conversely, saline
aquaculture ponds can be dug, for cultivation of brackish, or brine
shrimp. In areas protected by polders, inundation can still occur through
embankment breaches, and seepage (Huq and Shoaib, 2013). Breaches
of sea-defences can also occur as a result of extreme events, such as
storm surges generated by cyclones. Therefore, river salinity is an
important factor throughout the delta (Bricheno and Wolf 2018).

With an average freshwater discharge of around 40,000 m°s’
(Whitehead et al., 2015a), and peak flows of 138,700 m3s! during
floods, the GBM river system has the third largest discharge worldwide
(FAO, 2016). The GBM river delta is a low-lying fertile area covering
over 100,000 km? in India (West Bengal) and Bangladesh, and is thus
classified as a megadelta (Milliman and Meade 1983; Brown and Nich-
olls 2015). Bangladesh experiences a subtropical monsoon climate: a dry
season (October—March), a hot summer (March-June), and a wet season
(June-October) (FAO, 2016). High river discharge in the annual
monsoon rainy season acts to flush-out saltwater, and feeds the offshore
freshwater plume in the northern Bay of Bengal (Howden and Murtu-
gudde, 2001). During the wet season, some flushing of the Western
Estuarine section (WES) can also occur, counteracting the salt intrusion
(e.g. Shaha and Cho (2016)) Through the Holocene the active channel of
river GBM system has moved from west to east (Allison, 1998). In the
present day the active river mouth is constrained to the east by the
Chittagong hill tract, and the majority of the freshwater is channelled
through the Padma river (Brammer, 2014). Around 10% of the total
volume of the Ganges discharges through the Gorai river channel Bain
et al. (2019), and on the Bangladesh side this is the only source of
freshwater to the WES. As the GBM is tide dominated, there are some
inactive (unconnected) river channels behaving as tidal creeks (in the
WES particularly), but these are not considered as individual sources of
freshwater. Across the border with India, the Hooghly river also brings
freshwater to the WES and Sundarbans, with peak flows exceeding 10,
000 m>s™ (Biswas et al., 2007).

River management within and outside of Bangladesh can have far-
reaching impacts on the whole GBM catchment. Higgins et al. (2018)
details India’s National River Linking Project (NRLP), and derive po-
tential changes in discharge (reduction of 6% annual water flow) and
sediment delivery to the delta. For example, the environmental impacts
of the Farraka Dam on Hooghly have been discussed by Sinha (2004).
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Whitehead et al. (2015b) state that ‘should large scale water transfers
upstream of Bangladesh be constructed, these have the potential to
reduce flows and divert water away from the delta region depending on
the volume and timing of the transfers. This could have significant im-
plications for the delta in terms of saline intrusion, water supply, agri-
culture and maintaining crucial ecosystems such as the mangrove
forests, with serious implications for people’s livelihoods in the area.’
Higgins et al. (2018) also predict that *Climate-related salinity incursion
in rivers and deltas will be exacerbated by the decrease in river mouth
discharge brought about by the NRLP. The discharge from the Gorai is
decreasing, and has halved in the past 50 years, due to a combination of
anthropogenic controls such as land-use change, water diversion, and
river management (Bain et al., 2019).

The GBM river system also delivers a high suspended sediment load
of around 1 x10° tonnes of suspended sediment (Islam et al., 2001). The
northern Bay of Bengal is mesotidal, with tidal ranges at the coast
varying from 2 m to over 4 m in places (Murty and Henry, 1983). Large
tides at the coast can penetrate far inland, with tidal variability being
observed as far as 200 km inland (Bricheno et al., 2016). The semi-
diurnal tide generates strong mixing, and carries seawater inland. This
competes with a seasonal movement of the freshwater front, as large
river discharge brings a strong stratifying effect. During the dry season
high salinity sea water penetrates further inland (CSIRO et al., 2014),
and this salinity intrusion is enhanced by rising sea levels (Dasgupta
et al., 2014).

The GBM delta is a tide-dominated delta in common with the
Amazon, Irrawaddy, Indus, Tigris, Yangzte, and Mekong. It also expe-
riences one of the largest river discharges in common with the Amazon,
Congo, Orinoco, Yangtze, Mekong, and Irrawaddy. Salt intrusion is
identified as a serious problem in many estuaries under the impact of
global climate change and local anthropogenic activities. Zhang et al.
(2010) investigated the river discharge-salt intrusion relation in the
Pearl River estuary, noting that the salt intrusion length is dependent on
the river discharge. Hoitink and Jay (2016) summarized the estuary and
tidal river properties for the Amazon, Columbia, Saint Lawrence, and the
Yangtze rivers, showing no salinity intrusion at all in the Amazon (Gallo
and Vinzon, 2005), while estimates of the salt intrusion length in the
Saint Lawrence estuary could reach 500 km Matte et al. (2014). The
tides in the GBM delta are large, and can propagate long distances into
the delta. These tides generate strong mixing, bringing salt water inland
and controlling the position of the river plume. On the other hand, the
presence of freshwater is known to modify the tides significantly (see e.
g. Horrevoets et al. (2004); Sassi and Hoitink (2013); Leonardi et al.
(2015); Cao et al. (2020). The GBM delta is macro-tidal, with the largest
tidal range seen in the northeast and northwest ‘corners’ of the Bay of
Bengal. However, due to the asymmetry of the freshwater plume, the
impact of the tides on salt transport changes across the delta. In the east
along the largest channel of the GBM, the freshwater plume can shield
against salt intrusion. However, in the WES where discharge is low, the
inland extension of the large tides is able to penetrate a lot further
inland.

The GBM is the site of the Sundarbans mangrove forest, inscribed as a
UNESCO World Heritage Site since 1997. This is the world’s largest
mangrove forest whose ecosystem depends on a narrow range of salinity
conditions. The other region where river and soil salinity is critical is in
the central estuarine section (CES), where some of the poorest com-
munities are living in marginal environments at the edge of useable
irrigation waters (Johnson et al., 2016b; Johnson and Hutton, 2018).
Changes in river and soil salinity have potential consequences for land
use practices and livelihoods for the delta population. The coastal area
constitutes 30% of cultivable lands in Bangladesh of which about 53%
are affected by high salinities (Haque 2006). For example, some farmers
have already chosen to convert freshwater rice paddies to salt water
shrimp farms, which could take decades to reverse if required (Johnson
et al., 2016a). Understanding how changing climate may affect future
salinity levels is therefore an important research topic, particularly
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changes in the monsoon rains, leading to changing freshwater flow.
Khanom and Salehin (2012) state that saline intrusion is very important
during March-May (the dry season). This affects crop yield and drinking
water. There are different associated risks when considering the possible
sources of both drinking and irrigation waters. In terms of water quality,
arsenic is major problem in Bangladesh, but has been well studied (e.g.
Chowdhury et al. (2000) Sohel et al. (2009)). In order to counter the
arsenic problems, the National Policy for Arsenic Mitigation (NPAM)
encouraged a return to the use of surface or very shallow groundwater
(Ahmed et al., 2006). However, surface water has an increased risk from
microbial pathogens in waste and sewage. Drinking water is often
extracted from groundwater and shallow tube-wells, even though the
salinity of these waters can often exceed safe drinking water thresholds
(Khanom and Salehin, 2012). In Bangladesh and West Bengal, high sa-
linities in drinking water (salinity above 1) cause health problems such
as diarrhoea and high blood pressure (hypertension) see e.g. Alcamo
et al. (2003), Ahmed et al. (2018). Khan et al. (2011) state that “the
problem of saline intrusion into drinking water is likely to be exacer-
bated by climate change-induced sea-level rise.”

Clarke et al. (2015) state that both climate variability and saline
intrusion are important drivers of determining the productivity of dry
season agriculture in coastal Bangladesh by the end of 21st century. It is
particularly important to get the dry season modelled correctly, to
identify when farmers can irrigate and have 3 crops per year (Huq and
Shoaib, 2013). Payo et al. (2017) combine river and groundwater
salinity to calculate the soil moisture deficit, stating that to do so you
“need a good representation of ground water depth and ground water
salinity and water and salt fluxes from river and coastal flooding”. The
river delta is a complex region of interconnected river channels, and the
interactions between river and tide must be correctly represented in
order to capture the salinity distribution in this area. Observations of
river and soil salinity are very scarce in this region, thus a numerical
modelling approach is needed to give detailed spatial and temporal
predictions.

Sea level rise is an important consideration for the future of all
deltaic environments, including the Bangladesh coast. Much work has
been done exploring the causes and rates of sea-level rise in Bangladesh
e.g. Han et al. (2010) Brown and Nicholls (2015) Pethick and Orford
(2013), CEGIS (2006). Low-lying deltas are sensitive to both eustatic
change (from alteration in the volume of water in the ocean), and also
relative changes, through tectonic subsidence, sediment compaction and
groundwater extraction (e.g. Pethick and Orford (2013)). Reduced river
discharge and therefore slower flow speeds, can lead to more sediment
deposition, and channel infilling, while the erection and maintenance of
polders cuts-off sediment supply and contribute to changes in lower land
levels locally (Wilson et al., 2017). Local changes in morphology and
river geometry can also have impacts on tidal behaviour (see appendix).
Future projections have also been made to gauge the possible future
sea-level change and impacts both globally and regionally e.g. Vous-
doukas et al. (2018), Jevrejeva et al. (2016), Jackson and Jevrejeva
(2016), Nicholls and Mimura (1998). In this manuscript we will not
investigate the causes of changing sea-level, but rather focus on the
response of the delta’s hydrodynamics to these predicted external
changes.

3. Methods

When modelling the GBM delta we must accurately simulate both
ocean and inland river conditions simultaneously. The FVCOM model
has been used at the interface of land and sea in a variety of river, coast,
and estuarine environments, for example the Pearl River (Yuan and Zhu,
2015), Chesapeake Bay (Tian 2019) the Delaware River (Zhang and Wei,
2007), and Darwin Harbour (Li et al., 2012). We believe this to be a good
compromise between a 1-D inland river flow model and a 3-D deep
ocean model. This paper presents results from a flexible-grid model
which has been used to simulate tides and river salinity in the GBM delta
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(Bricheno et al., 2016). FVCOM is an unstructured finite volume, 3D
baroclinic model which was developed for use in estuarine systems and
has since been applied to wider areas (Chen et al., 2003). FVCOM has the
ability to include river discharge and flooding/drying inland, as well as
representing the tides and baroclinic currents offshore as well as ca-
pacity to model sea-level rise.

Our configuration of FVCOM focusses on the processes within the
delta, however the model must be informed by wider ocean and catch-
ment models. For orientation, the extent of the models used is presented
in Fig. 1. The left panel shows the extent of the catchment, ocean, and
delta models, and the right panel names rivers and shows locations used
for tidal analysis. Note that when referring to salinity it will be unitless,
using the Practical Salinity Scale. The FVCOM model has been config-
ured with 11 vertical levels and variable horizontal resolution between
10 km (at the open boundary) and 50 m, within narrow river channels.
The challenge in constructing this model grid was to generate a good-
quality mesh and bathymetry which allows the model to produce ac-
curate flows through the delta region. Another limitation was lack of
available data for model validation. Nonetheless, available observations
of tidal water levels within the delta have been used to validate the basic
hydrodynamics (Bricheno et al., 2016). FVCOM was able to accurately
model the tidal ranges in the central delta, however there was some
under-prediction of the tidal range in the Sundarbans forest region, and
within the lower Meghna, where bathymetry is less accurate. The
configuration presented here has been validated for historic water levels
and tidal behaviour. This is the first time it has been assessed for skill in
representing river salinity and baroclinic processes, before using the
model to make future projections.

This model is here used to investigate river salinity within the delta,
and how the distribution of salt and freshwater is controlled by a balance
between tidal dynamics and hydraulic control. This is a unique
approach, as we can combine future projections of mean SLR and
offshore salinity, with projected changes in the hydrological cycle
driving river discharge under future climate. At the open boundary the
model is forced by hourly ocean tidal data and daily temperature and
salinity from the Bay of Bengal GCOMS model (Kay et al., 2015).

Inland, the position of the coastline, and therefore hard limit on
inundation is defined based on the results from Rahman et al. (2013) and
Haque et al. (2016). Their Delft-3D model (which covers all land and sea
points in the GBM delta) was run for an extreme flood condition, and this
high-water extent was taken as the limit of river channels in the FVCOM
domain. The model configuration then allows inundation and flooding
up to this pre-defined high water mark, and thus can accommodate some
encroachment due to future sea-level rise. Once this lateral extent of
flooding has been exceeded, the river channels will only deepen in the
vertical, which could lead to artificially large water depths, if the model
channels are too narrowly constrained (Bricheno et al., 2016).

River discharge is applied as an upstream boundary condition: a
volume of freshwater is introduced to the model at the northern
boundary of the model (24° N, 89° E). The daily discharge volume rate
comes from the hydrological INCA model (Wade et al., 2002), and the
model configuration covering the whole of the GBM river systems used is
described in Whitehead et al. (2015b). This catchment model is then
driven by precipitation from a high-resolution (25 km) regional climate
model over the south Asia region (Caesar et al., 2015; Caesar and Janes,
2018). The INCA model has been validated against historic river
discharge, and then run forward for future time-slice projections under
scenarios detailed in Table 1. Meteorological forcing is not applied
locally in the delta model, but the surface freshwater flux input to INCA
comes from the high resolution regional climate model projections of
Caesar et al. (2015).

We have neglected a direct input of freshwater (through rainfall over
the model extent). However, believe this to be a reasonable assumption
(and avoids double counting), since this surface freshwater flux has been
included in the catchment model, the river discharge used in our model
already includes precipitation, evaporation over the whole delta region.
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Fig. 1. Extent of model domains used (left).

235

Hooghly

Indian
Ocean

95

75 80

85_ 90
Longitude

— m— The catchment of the GBM is shown in

green, coastline and national boundaries in
({ black, and the FVCOM within the are
inscribed in red. The coloured area shows
the model bathymetry used in the ocean
model GCOMS, whose domain follows a
strip around the coast. The right hand panel
shows locations used for analysis in section
¢, and labels some river and region names.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1

Summary of scenario runs presented, including scenarios used for atmospheric
forcing. Details of the climate and management strategies can be found in Caesar
et al. (2015).

Scenario  Description ~ Climate & MSLR Year Discharge
management (cm) (m®)
Historic Historic Historic 0.0 1998-1999 9,054,014
1 Baseline QO + Business 0.0 2000-2001 9,928,407
as Usual
2 Mid QO + Business 31.96 2047-2048 13,979,424
century as Usual
3 Mid Q8 + Less 27.06 2050-2051 10,011,085
century Sustainable
4 End Q8 + Less 58.77 2082-2083 16,517,208
century Sustainable
5 End QO + Business ~ 59.01 2097-2098 10,978,254
century as Usual

Nishat and Rahman (2009) find that about 92-93% of the surface water
flowing through Bangladesh is generated in the upstream GBM in
catchment areas that are outside the country. The Ganga river system
drains an area of approximately 1,087,300 kmz, while the surface area
of rivers in the FVCOM model is: 29,546 km?, i.e. the river channel area
in the FVCOM model accounts for around 2.5% of the total catchment of
the INCA model, therefore we have decided to neglect the input of
evaporation/precipitation directly into modelled river channels. The
FVCOM model then acts as a series of river distributaries, connecting the
river catchment model with the ocean conditions offshore. As we are
interested in salt intrusion during the dry season, single year runs rep-
resenting a ‘snapshot’ condition are run, beginning and ending on 1st
July (thus initialising the model from high-flow conditions). For each
scenario year the model is started from rest during a flood condition, and
the freshwater is then allowed to flow through the distributaries, which
ensures that the modelled river channels start in an active state, and the
estuarine system is well connected.

3.1. Future scenario experiments

The aim of our experiments is to understand the impact of rising sea-
levels and changing river discharge on future river salinity. To this end
five scenarios were run: one as a baseline, and four futures (detailed in
Table 1). The four futures were chosen to represent a mid-century period
(2030-2059) and a late century period (2070-2099), with a range of
flow conditions. To identify suitable candidate years to simulate within
these periods, we began with projections of future precipitation which
then drive the river model. Projected changes in precipitation are
addressed in detail in Caesar and Janes (2018) and Caesar et al. (2015):
they conclude that “while the number of wet days is projected to
decrease, the intensity of rainfall on these days is projected to increase,
which could imply an increased risk of flash flooding, and an alteration
to freshwater availability across Bangladesh”. In order to integrate these

changes into a value to guide our scenario choice, we next analysed the
river discharge volume rates from INCA (Whitehead et al., 2015b).
Cumulative river discharge was used to guide the selection of sce-
nario years: for a mid-century period (2030-2059) and a late century
period (2070-2099). Temperature and precipitation forcing comes from
the Met Office Hadley Centre HadRM3P RCM for South Asia, using three
realisations: QO0, Q8, and Q16, to represent uncertainty associated with
the climate model. All river discharge years from these climate realisa-
tions were examined, and those with maximum/minimum cumulative
annual discharge were selected to be simulated in FVCOM. The shape of
the hydrographs can be variable from year to year, which will have an
impact on the arrival time of freshwater. As the GBM catchment covers
many different environments, different stretches of the river may
respond differently to future climate forcing. For example, the Brah-
maputra has a much longer high flow period linked to snow and ice melt,
while the Ganges has a relatively short high flow period (Whitehead
etal., 2015b). The Meghna has much lower total discharge, but responds
more strongly to local precipitation during the wet season. This is an
area for further study, and will impact the exact timings of salt intrusion
and freshening. We use these bounding years as our scenario forcing, as
we are interested in the likely range of future conditions rather than
examining behaviour in a single year. The daily and cumulative
discharge volume for each scenario year used is shown in Table 2.
Scenario S1 represents a baseline condition consistent with present day
flows. Scenarios S2 and S4 represent years with the largest cumulative
volume of freshwater, and scenarios S3 and S5 relatively low cumulative
river discharges. It is important to note here that while those years
chosen to represent particularly wet conditions have a high cumulative
discharge and wet season flow, they can also experience particularly low
flows in the dry season months. In this case we will describe scenarios S2
and S4 as ‘extreme’ futures, and S3 and S4 as ‘moderate’ futures. In
addition to changes in total river volume discharged during the year, it is
also important to consider the nature of freshwater input and tidal in-
fluence. The timing and intensity of freshwater input is closely related to
the timing and intensity of the monsoon as illustrated by the left hand

Table 2

Total river discharge volumes in m® (summed over three month periods) used to
drive future model scenarios. The river discharges come from the INCA catch-
ment model, and details of the climate and management strategies can be found
in Whitehead et al. (2015a). The more extreme years (scenarios 2 and 4 have
significantly wetter wet seasons, and slightly drier dry seasons. Scenarios 3 and 5
have a cumulative discharge closer to that seen in the baseline simulation
(compare with Fig. 1.).

Scenario Mar-May Jun-Aug Sep-Nov Dec-Feb
historic 10.952.76 58,585.75 28,623.27 5523.29
1 20,964.46 40,964.25 37,223.37 3913.06
2 14,892.47 71,262.06 61,888.19 4141.17
3 25,093.28 43,541.88 32,512.92 4915.36
4 12,863.70 88,414.26 76,083.48 3487.37
5 17,378.44 58,536.86 35,781.71 8384.66
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panel of Fig. 2 which shows the daily river discharge entering the model.
In ‘extreme’ years (blue and green curves) there is an early and sharp
monsoon onset around the middle of July (day 200). A more gradual and
later onset (around day 220 — early August) occurs during the two
‘moderate years’ (pink and red curves).

Having chosen these extreme climate states, a corresponding SLR
was applied at the ocean boundary for consistency. SLR is included in
the model through the open-ocean boundary, by raising the total water
level, and this mechanism is discussed further in Kay et al. (2015). The
SLR scenarios were based on the central estimate of SRES scenario for
A1B (Church et al., 2013). To put this in context of more recent emis-
sions and warming scenarios, the projected SLR for A1B lies between
RCP4.5 and RCP8.5 for 21st century. The mean SLR for each scenario
year is presented in Table 1. The sea-level will also have impacts on tidal
dynamics in the region which is addressed in section c.

4. Results
4.1. Present day river salinity

The northern Bay of Bengal and coastal Bangladesh experience a
strong horizontal gradient of salinity, varying from O to 35 in the space
of 100 km see e.g. Rao and Sivakumar (2003). Although limited in situ
observations of inland salinity are available. Dasgupta et al. (2014)
present river salinity observed at 34 sites in coastal Bangladesh. Even
with this limited data, a clear spatial pattern emerges, with a strong
longitudinal gradient, with the highest salinities ( > 30) in the west, and
fresher river waters ( < 2) in the east. This is because the majority of the
freshwater discharges through the eastern distributaries, especially the
Meghna Estuary, and the western delta is composed mainly of tidal
creeks with little or no freshwater input. However this broad pattern
does not capture the complex pattern of river salinity in the delta system,
which is controlled by channel connectivity and a competition between
river discharge and tidal hydrodynamics.

Until recently, the implications of climate change for saltwater
intrusion in Bangladesh have not been much investigated (Bangladesh
Bureau of Statistics et al., 2009). There is an inventory of river salinity
observations held by the Bangladesh Water Development Board
(BWDB). This covers 26 sites, with some observations from the early
1980s. The BWDB data consists of electrical conductivity measurements.
Since around 2000 there have been monthly observations at least 16
sites, although at other sites data are only recorded during the dry
season. An updated list of all available data is held online at http
://www.hydrology.bwdb.gov.bd/.

To address this gap in the data, a new set of observations has been
collected by Jahan et al. (2015). As well as salinity, other water and soil
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quality parameters were also recorded for the Southwest coastal region
of Bangladesh. Maps of water pH, salinity, sediment concentration, etc.
can be found in Jahan et al. (2015). Their study (undertaken in parallel
to the modelling work presented here) is also a part of the “Assessing
health, livelihoods, ecosystem services and poverty alleviation in
populous deltas” under the Ecosystem Services for Poverty Alleviation”
(ESPA) programme. 334 river water samples were collected during
February 2014 to May 2014, providing us with a more detailed spatial
picture of salinity in the GBM delta.

These observations of dry-season salinity can be used as a validation
dataset for the FVCOM salinity model configuration. Fig. 3 (left panel)
shows modelled mean salinity for March-May 2000 with scatter points
of the sites where salinity was observed (Jahan et al., 2015) overlaid.
From this figure we can see that the model is capturing well the spatial
pattern of river salinity, with a strong lateral gradient observed from
north east to southwest. The full range of salinities is captured, with near
fresh (less than 0.5) waters seen in the lower Meghna, and high salinity
waters close to ocean salinity (> 34) in the south west of the delta.

Fig. 3 (right panel) shows a scatter plot of Model Bias to assess the
performance of our numerical model. Model Bias is defined as S,,; —
Smod Where Sy is the observed salinity, and S,,,4 is the modelled mean
salinity during the period March-May. Overall the root mean square
(rms) error with respect to observations is 6.98. The spatial distribution
of the observed salinity is well captured in the model. Over the majority
of sites the modelled salinity is slightly too fresh, with a median absolute
error (mae) of 3.12. This bias is mainly homogeneous across most of the
delta, apart from a section around 89.5 E (in the WES) which stands out
with a larger fresh bias. Any disparity between the spatial patterns from
model and observations may be due to problems in channel connectivity
in the model. In our model configuration, freshwater is introduced at a
single point, and allowed to redistribute through the channel network.
The modelled year is forced by a climatology and is not a hindcast year,
in this case modelled salinities are consistently lower than the obser-
vations. Even so, the spatial pattern is consistent, capturing the lateral
salinity gradient ranging from 0 to 35 seen during the dry season. Even
though a direct comparison cannot be made, the two results are corre-
lated with an R? value of 0.76. Our simulation results also correspond
well with the spatial patterns of modelled and measured salinity pre-
sented in recent work by (Akter et al., 2019). Therefore we are confident
that the FVCOM model is able to capture the patterns of behaviour of the
salinity distribution in the GBM delta.

4.2. Seasonal and tidal controls on salt intrusion

Next we look at the interactions between river and tide, and how
they impact salt intrusion. Salt intrusion is a common issue for many
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Fig. 2. Daily river discharge used as model forcing (left) and cumulative annual discharge (right) in (m®) used to drive future model scenarios. The river discharges
come from the INCA catchment model, and details of the climate and management strategies can be found in Whitehead et al. (2015a) The scenarios are run from

monsoon to monsoon period, starting on 1st July each year.
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Fig. 3. Left panel: Mean modelled salinity during 2000 (left), overlaid with observed values (squares) between the period March to May 2014. Right panel: Model
bias between observed values (instantaneous) and model average during the period March to May 2014. The observed salinity data are reproduced after Jahan

et al. (2015).

large deltas, particularly where strong tides advect seawater long dis-
tances inland. Though we focus on the GBM, it is not unique in being a
site at which these properties intersect. We are interested in under-
standing how tidal forces and seasonal freshwater interact to control the
distribution of salinity in the delta and nearshore. The addition of a large
volume of freshwater will increase water levels at all states of the tide. In
our model, including freshwater as well as tide acts to increase mean low
water (MLW), mean sea level (MSL), and mean high water (MHW) by
just under 1 m at times of maximum discharge. The great diurnal tidal
range (GT) which represents the difference between highest high water
and lowest low water is seen to rise by 0.23 m on average across the
model domain.

Increased river flow and changing tidal dynamics also affect flow
patterns and current speeds within the delta. Peak flows in the Gorai
regularly exceed 0.6 ms~! in March, and 1.2-1.5 ms ™! in September.
This may be compared with Rahman and Yunus (2016) who find
depth-averages velocities exceeding 1.2 ms™". in the Gorai during wet
season, while the Padma can flow as fast as 0.8 m™! in March and exceed
2.2 ms~! in September. These values are in line with the finding of Roy
et al. (2016), who observe maximum flows in September of up to 1.8
ms 1, and March 0.5 ms™!. A detailed analysis of changing tidal dy-
namics is found in the appendix.

Fig. 4 shows seasonal mean salinity during the dry season (March)
and post-monsoon (September). By taking a long term average, the
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effects of the tidal cycle are removed, and seasonal freshwater effects are
revealed. In the dry season, with low discharge, higher salinities are seen
to penetrate into the central section of the delta. The freshwater plume is
also smaller in area, and remains close to the coast. With the increased
discharge in September, the area of the freshwater plume increases
(particularly waters with a salinity below 1). Though the large channels
of the lower Meghna remain relatively fresh throughout the year, the
salinity in the narrow channels in the central and western sectors of the
delta is more strongly affected. Smaller river channels in the CES have an
increased freshwater flow, and are also seen to freshen, extending the
plume further to the west. Further offshore, away from the narrow river
channels, freshwater enters the Bay of Bengal, and spreads out into a
coastal plume. The freshwater plume creates a layer between 5 and 10 m
thick in the vertical (not shown). The extent and position of this fresh-
water plume may have implications for coastal water quality, nutrient
fluxes, and fisheries.

At shorter timescales, the tidal mixing and advection dominate
changes in river salinity (Haque, 2006). Changes over the course of a
single day can be large, and can alter local river salinity by as much as 10
during a 12.4 h semi-diurnal cycle. Fig. 4 indicates how much salinity
can change locally over the course of a spring-neap cycle in the wet
season. (This figure was generated by taking the largest and smallest
salinities during a 48 h period in September). At the edge of the fresh-
water plume, a front is formed. Across the front there is a region where
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Fig. 4. Sea surface salinity (SSS) maps from scenario 1 (a) March mean salinity (b) September mean salinity (c) change in SSS over the course of 5th-6th September
(d) change in SSS over the course of one year. NB change in colourscale between the lower 2 panels.
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the water column becomes vertically stratified, with the freshwater
plume overlaying seawater. Here tidal mixing is in competition with
river run-off with the tides driving a well mixed water column, while
stronger river discharge drives stratification. In the east, this front is 10s
of km offshore, however the interface intersects with the coast in several
places in the central estuarine section. Where the freshwater front is
further inland, it will be important for irrigation waters to be extracted
at the surface, as significantly saltier seawater will be present at depth.
The largest changes in local salinity occur along the sharp front, where
tidal forcing controls salt intrusion length. Further inland the impact of
the tide is also observed, particularly in the WES and channel mouths of
the Sundarbans. In the eastern estuarine section (EES) and Meghna, the
tidal excursion is still large, but the waters here are so fresh that no local
change in salinity is observed. The equivalent map for a seasonal cycle is
shown in Fig. 4d, which shows the change in local salinity over the full
year. These changes can be three times as large as the tidal effects, and
act mainly at the front of the freshwater plume. However, a strong
sensitivity to the seasonal change in freshwater flux is observed in the
WES, as far as 22.5 °N. The WES is particularly sensitive to both tidal and
seasonal excursions while in the CES and EES, the freshwater plume
extends further offshore.

As well as tidal and river forcing, dynamics may be further influ-
enced by the Earth’s rotation. In the south east of the delta, river
channels can be of the order of 10 km wide. Here (if the waters are
stratified) rotational effects can become important. However, the waters
are mostly well mixed in the vertical. At the edge of plume (where
waters are stratified) rotational effects may become important; here the
first baroclinic Rossby radius is of the order 500 m—2 km. However these
effects will also be negligible in the well mixed and narrow channels of
the river delta. When close to the coast and in shallow water, friction can
become important as well as tides, freshwater, and rotational effects.
The frictional impact on the tides is discussed further in the appendix.

Another seasonally varying metric is the flushing time (Ty), which
can be thought of as a time in which to flush all salt out of the system.
The flushing time of an estuary is defined as the time needed to replace
its freshwater volume V at the rate of the net flow through the estuary,
which is given by the river discharge rate Q (Ty = Vr/ Q).

As an indication of spatial variability in flushing time, we calculate
Ty for the 3 sections. In the wet season around 83% of water flows
through the EES, 7% through the CES, and 10% through the WES. In the
dry season, this changes to 91% EES, 8% CES, and just 2% through the
WES. Combining this with measures of the corresponding model grid
areas, Ty can be calculated. In the WES, the shortest flushing time in the
wet season is 44 days, 21 days in the CES, and just 3 days in the EES.
These values can be recalculated throughout the year, and change by up
to two orders of magnitude. However with a transient behaviour to
changes in river flow, these static estimates of flushing time are not
really meaningful in dry season. Nonetheless, this does give some indi-
cation of the very different river influence in different section of the
GBM delta.

4.3. Future changes in tidal and hydrodynamic behaviour

An analysis of present day tides in the GBM delta was performed in
Bricheno et al. (2016), assessing the performance of the FVCOM model
in this area. This previous study focused on the performance of the
model for representing tidal and river water levels, for a historic period.
In the present work, we assess the future changes, in climate-model
driven scenarios. As a measure of how SLR affects tidal hydrody-
namics, we consider changes to the tidal range, and how it is amplified
when moving from deep water onto the shelf and into river channels.

The amplification is defined as range() s and is calculated at every

range(Shelf Break
point (i) throughout the model. As a measure of tidal energy dissipation,
u} is also evaluated. where u, is the bottom velocity; again this is

calculated at all points within the model domain. Fig. 5 shows the

Estuarine, Coastal and Shelf Science 252 (2021) 107246

tidal range (m) in scenario 1

24

23.5

23

22.5

22

88 89 90 91 92
change in tidal range (m), S4 minus S1

- $ 0.5
235}
231
0
225¢ S
221 ' ;
4
215
-0.5
88 89 90 91 92

Fig. 5. Tidal range (m) in scenario 1 (top), and below: difference in tidal range
(m) between scenario 4 (mean sea-level rise 0.5877 m) and scenario 1 (no sea-
level rise).

difference in maximum tidal range for scenarios 1 and 4. This compar-
ison should represent the largest projected change, as it included the
largest range of discharges, and a large SLR by the end of the century.
The changes are subtle, but significant (differences in tidal amplitude of
the order 0.5 m). An increased tidal range is seen at the mouth of the
Meghna in the east and in parts of the Sundarbans. The largest increases
are well correlated with the sites of largest tide, suggesting a consistent
increase across the northern Bay of Bengal. Within the delta, differences
are largely positive with a mean increase of 0.40 m, but the changes vary
between a reduction in range of 0.73 m, and an increase of 1.8 m. The
greatest increase in range is predicted to occur in the Sundarbans, and
the Hooghly river in India.

When the full simulations are assessed (including freshwater as well
as tide), water levels are seen to increase across all states of the tide.
Mean low water (MLW), mean sea level (MSL), and mean high water
(MHW) are seen to rise by just under 1 m. The great diurnal tidal range
(GT) which represents the difference between highest high water and
lowest low water is seen to rise by 0.23 m on average across the model
domain. The means are presented in Table 3, and have been spatially
weighted to avoid skews introduced by the unstructured nature of the
model mesh. A caveat to this is that a large positive increase may be
associated with increased river discharge raising the water levels. A
further discussion of this, and map of sites where river discharge impacts
total water level are shown in the appendix.

A harmonic analysis was performed to derive the tidal constituents at
105 points across the delta (a selection chosen to represent all possible
tidal conditions), using the T-tide package for Matlab (Pawlowicz et al.,

Table 3

Changes in spatially averaged tidal water levels (m) between two scenarios.
scenario MLW MHW MSL GT
S1 0.18 m 1.91m 1.02 m 3.22m
S4 1.13m 2.83m 1.95m 3.45m
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2002), and the locations are plotted in Fig. 1. Fig. 6 shows how tidal
amplitudes change under increased sea level and variable river flow.
When analysing the tidal harmonics, a modest change is seen across the
four leading constituents (M2, S2, K1 and O1). M2 amplitudes are seen
to change by of the order 0.1 m in S2 and S3, but are consistently larger
in scenarios S4 and S5 by circa 0.2 m across the delta. S2 sees a similar
trend, with all future scenarios increasing in S2 amplitude by around 0.1
m at all the sites analysed. Turning to the diurnal constituents, a modest
increase in amplitude of the order 0.02 m is observed across all future
scenarios, at all sites. Though on average tidal ranges will increase under
future scenarios, the maxima are largely unchanged. The semidiurnal
constituents are largest in the two ‘corners’ of the Bay of Bengal, to the
north west and north east. Here, the largest absolute increases in M2 and
S2 amplitude are observed in future projections. The diurnal constitu-
ents are seen to increase in amplitude, with the largest increase seen in
the eastern estuarine section (north east Bay of Bengal) of by 0.02-0.03
m in places. The closest amphidromic point is located near Sri Lanka (far
outside of our model domain). In the future simulations, the co-tidal
chart of e.g. M2 is very similar, suggesting little change in amphi-
dromic position in our model. Further discussion on changes in tidal
dynamics in response to climate forcing can be found in the appendix.

4.4. Future changes in salinity

Fig. 7 shows the mean salinity during March (left) and September
(right) for all five scenarios (S1 top to S5 bottom). In these plots the
unstructured model data has been interpolated onto a regular grid, in
order to fill-in the gaps, and give an impression of surface salinity across
the delta. The coastline has been highlighted in white for orientation. It
is important to focus on a small range of salinity between 0 and 5, and
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the non-linear colour scale has been expanded to highlight this range. As
a reminder, the critical contours for drinking water (salinity = 1) and
irrigation water (salinity = 2), while mangrove forests are most pro-
ductive at salinities between 2 and 9 (Ye et al., 2005).

The March plots (left column) represent the dry season, so the
freshwater plume is smaller and close to the coast. In the future pro-
jections it can be seen that the freshest contour lines shift further in-land
in all scenarios. This represents increased salinity intrusion in all futures.
Higher salinities in the future are seen particularly strongly in the CES.
In the WES the onshore-offshore salinity gradient is largely unchanged,
with high salinity waters (above 10) seen across the Sundarbans
mangrove forest. In the EES, salinities are seen to remain below 5 in
future. This shows the CES (89.5-90.5 °E) is the most sensitive to dry-
season salinity intrusion in future projections.

Next, let us consider the mean salinity during the wet season
(September), in the right-hand column of Fig. 7. Here we see contrasting
results in different areas of the delta. In the EES there is a larger area of
freshwater in all future scenarios, with the river plume extending further
offshore. There is little change in the WES, with waters remaining about
10 throughout September. The largest inland changes are observed in
the CES, where an increase in salinity is observed in all future scenarios.
This salt intrusion can be as large as 5 in places, and is at its most severe
in S4 and S5 (the years with the largest SLR). This is an interesting result,
as looking back to the projected river discharge (Fig. 2) suggests a
similar discharge in S3 and S5 (the moderate years) to the baseline S1,
while S2 and S4 (the extreme years) have significantly larger discharge
during September.

The seasonal changes are clarified by plotting difference between
each future and the baseline scenario (shown in Fig. 8). Similarly to
Fig. 7, the left hand column shows March and the right-hand column
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Fig. 6. Tidal amplitude of the four leading constituents at a selection (105 points) of sites within the delta. The four future scenarios defined in Table 1 are plotted

against the baseline. the 1:1 line is added in black for reference.



L.M. Bricheno et al.

20

15

;10

5;

21E| Io

88 89 90 91 92

Estuarine, Coastal and Shelf Science 252 (2021) 107246

35

- 30

E 25

20

15

20
15
-10

‘5
u

0
88 89 90 91 92

Fig. 7. Monthly mean surface salinity during each of the 5 scenarios, contoured to highlight critical thresholds. March (left) and September (right) from S1 (top) to

S5 (bottom).

shows September. These maps confirm the picture of higher future
salinity across coastal Bangladesh during the dry season. The average
increase can be as large as 5 or more during March in these projections.
All futures see higher maximum values in the WES and CES when
compared with the baseline year, while the EES remains largely un-
changed. The highest increases in salinity (observed in the central es-
tuaries) can be as large as 10. For September, we can now clearly see the

‘dipole’ across the delta, with an increased salinity in the WES and CES,
and a reduction in the EES around the mouth of the Meghna. The
boundary at which this change map flips from positive (salt intrusion) to
negative (freshening) is different in each future scenario. The location of
this boundary may be the critical factor on the ground for indicating the
changing water resource. This confirms that the CES is indeed the most
sensitive area to future climate change.
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Fig. 8. Difference in monthly mean salinity (minus baseline) for all scenarios: March (left) and September (right) from S2 (top) to S5 (bottom).

To understand the causes better, we return to the changes in river
and ocean forcings: altered discharge and SLR. Table 1, shows that the
total annual river discharge is projected to increase in all scenarios. The
mean flushing time (defined in section c) is reduced in future from 102
days in the baseline simulation to 93 and 86 days in the moderate years
(S3 and S5), and 59 and 48 days in the extreme years (S2 and S4
respectively). The minimum flushing time (representing wet season
flows) is also reduced, from 32 days in the minimum (fastest discharge)
S1 to around 28 days in the moderate years (S3 and S5), and even shorter
in the extreme years (52 Ty = 24 days, and S4 Ty = 14 days). In other
words, a shorter flushing time is predicted in all future scenarios, asso-
ciated with higher discharge in future projections.

Table 1 shows that, even though the projected discharge is seen to
increase in all scenarios, the surface salinity is much higher across much
of the delta. It is important to notice that, though all future scenarios see
an increase in river flow, in some places the surface salinity is still seen
to rise. As we are not including a (meteorological) surface freshwater
flux in the model, the only possible mechanisms controlling river salinity
are (1) penetration of seawater into the delta due to SLR and (2)
freshening locally due to higher discharge. There may be also changes in
the characteristics of the incoming sea-water salinity, so this variable
needs to be included in our analysis. To investigate whether there is a
change in ocean conditions, we can look at salinity evolution at the open
boundary of the model. Table 4 shows the mean salinity in the forcing
model GCOMS at 19 °N, which is used to drive the FVCOM model. The
figures in Table 4 indicate that ocean salinities are very similar at the

10

Table 4
Ocean salinity forcing for modelled scenarios.

Scenario years Mean ‘ocean’ salinity

2000-2001 34.39
2047-2048 34.10
2050-2051 34.38
2082-2083 33.99
2097-2089 34.22

ocean boundary, i.e. we are not imposing a salinity change at the open-
ocean boundary. Therefore we can discount changing ocean salinity as a
driver for higher future river salinities in the delta. This suggests that
any projected increase in river salinity must be controlled by hydrody-
namics (moving high salinity ocean water inland) rather a change in the

Table 5
Excursion of the salinity = 15 contour at 91 ° East on a tidal and seasonal
timescale.

Scenario years tidal excursion seasonal excursion
S1 2000-2001 12.1 km 65.6 km
S2 2047-2048 12.0 km 63.5 km
S3 2050-2051 13.1 km 60.3 km
S4 2082-2083 11.1 km 68.5 km
S5 2097-2089 12.7 km 63.7 km
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offshore salinity. We have observed in section (c) that SLR altered the
hydrodynamics in this area (see Table 5). Higher MSLs and changes in
tidal conditions are bringing more ocean water further inland. This
process contributes to an increase in river salinity on the delta, over-
riding changes in river discharge. We conclude that the increased salt
intrusion is caused mainly due to rising sea levels. Ocean processes
bringing salt-water inshore are more dominant in future, even when
river discharge is significantly increased in future projections. However,
the SLR effect is enhanced or in some cases only slightly mitigated by
changes in river discharge.

Having mapped the areas at risk to changing salt intrusion, we can
also examine how the tidal and seasonal excursion of salt intrusion
length change in the future. Table 4 shows the typical distances a
modelled contour of salinity moves under a tidal and seasonal cycle. The
seasonal excursion is around 5 times the distance of the tidal excursion
for all scenarios. At this example site, there is a change of around 1 km,
or 10%. So although the positions of critical contours are subject to
future change, the seasonal and tidal excursion lengths do not seem to be
so sensitive. There may be some sensitivity related to the interactions
between SLR, tides, and storm surge. For example Akter et al. (2019)
note that an increased tidal range can generate stronger salt intrusion
during the cyclone events.
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4.5. Future changes in freshwater resource

Section d demonstrated how the salinity of local surface water may
change in the GBM under future climate projections. It is also important
to understand how potential changes in future wet/dry seasons will
affect the availability of freshwater, and productivity on the delta. Two
important factors for crop irrigation waters, are (1) the date of fresh-
water arrival, or onset of monsoon, and (2) the length of time for which
waters are fresh enough for irrigation use. The arrival of freshwater in
different areas of the delta will be controlled strongly by inland ice melt,
and the onset of monsoon rains. This will constrain timings and shape of
the river hydrograph. The discharge plots (Fig. 2) gives some indication
of how changing monsoon conditions impact river flows, suggesting an
earlier onset and longer duration during wet years. However, the sub-
sample of experiments performed here were based on extremes of cu-
mulative freshwater. Therefore we may not represent the full range of
possible future river discharge profiles. Further work to understand the
impact of climate change on hydrograph shape is desirable. While we
cannot determine specific dates, we are able to investigate the length of
the growing season, and how these windows may evolve under climate
change. Bangladesh has three rice seasons, the aus, aman, and boro. The
aus or summer rice crop is planted during March-April and harvested
during June-July. The aman season rice is planted in June-July and

change in growing days for aman $4-S1
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Fig. 9. Number of growing seasons per year in S1 (left) and change in growing seasons S4 minus S1 (right). Note that changes in offshore waters south of 22 °N have
been masked out. The Sundarban forest (where there is no rice agriculture) is also covered with grey shading.
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harvested during November-December. The boro season rice is planted
in December—January and harvested during May-June. BBS (2017).
Aman rice is the most important staple food, and due to the monsoon
rains, it requires minimal irrigation. Boro rice on the other hand requires
irrigation during the dry winter period (Clarke et al., 2018). By exam-
ining these growing seasons, and the changing number of days within
each period, we can see how salt intrusion may impact on agricultural
productivity in the delta.

Fig. 9 shows the number of days per season where surface waters are
suitable for irrigation. For blue areas, the surface waters are fresh
enough to use throughout each growing season. In pink areas, the salt
intrusion is too large for a viable crop. The right hand panels show the
change in number of ‘fresh’ days per season, comparing S5 and S1. There
is a reduction in freshwater availability in the CES for all seasons,
particularly strongly in the aman season, with a shortening of 30 days in
places. The salt intrusion shortens the growing season in the EES and
CES for all three seasons. Some areas see an increase in fresh days
(coloured red), however these are at sites where the growing season is
already too short for viable cropping (for example in the central estua-
rine section 22 °N, 89.5 °E).

By assuming a minimum growing season of 120 days, following the
guidelines of Saha et al. (2015), we can make a crude calculation of how
this will impact yield across the delta. To do this we count the locations
where there are 120 fresh days per season, and then compare this as a
percentage with the historical baseline. Then take a mean value across
all locations in the model domain. This gives an indication of what
fraction of the delta can support each rice crop compared with present
day conditions. Table 6 shows these fractions for all three rice cropping
seasons for 4 future scenarios compared with the baseline.

In almost all combinations of crops and scenarios, the potential
growing time is seen to reduce. No one season seems more sensitive than
the others in this compound measure, but these values must be consid-
ered in the context of the spatial distribution mapped in Fig. 9. The
strongest impacts on growing season length are seen inland, with a
reduction of up to 30 days in the CES for S4 and S5 (maps for all sce-
narios not shown). For example, Fig. 9 shows that the reduction in aman
season in the CES makes this crop no longer viable in S5. To summarise,
the drier futures experience a reduction in the length of the growing
season over a significant area of the delta. The change in time for which
freshwater is available can be reduced by more than 10 days on average
days in some projections. The most extreme impacts are seen in sce-
narios 2 and 5.

There are multiple agricultural land uses in the GBM delta, including
subsistence rice, commercial rice, brackish shrimp, and vegetable crops.
Changes in the local water quality will impact farming practices and in
turn the wellbeing of people living on the delta (Nicholls et al., 2016). As
well as impacting this agricultural productivity, salt intrusion will also
affect the Sundarbans mangrove forest. Several mangrove tree species
reach an optimum growth at salinities of 5-25% of standard seawater
(Ye et al., 2005), and are therefore also sensitive to changes in seawater
intrusion. This equates to a range of salinity between 1.75 and 8.75. A
detailed study of the projected impacts of climate change on the
mangrove extent in this area are found in Payo et al. (2016).

Table 6
Projected change in growing seasons: change in percentage of time and number
of days where irrigation water is viable.

Scenario aman % boro % aus% aman days boro days aus days
S2 93.9 92.8 92.9 -10.9 -12.9 -85

S3 97.8 99.8 97.9 -4.0 —-0.4 -25

sS4 99.9 98.5 98.6 —-0.2 —2.6 -1.7

S5 93.9 94.7 91.6 -10.9 -9.6 -10.1
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5. Discussion

River salinity on the GBM delta is controlled by a balance between
monsoonal freshwater discharge flushing salt offshore, and tidal hy-
drodynamics pushing seawater inland. By decomposing the movement
of the freshwater front into a tidal and seasonal timescale, we can
identify which areas will be most sensitive to changes in tidal and river
forcing. Experiments have been performed using climate and SLR forc-
ing to understand future salt intrusion in the GBM delta. We predict an
increase in mean tidal range throughout the delta caused by a combi-
nation of reduced river discharge and SLR. Recent work by cit-
epakter2019dominant uses Delft3D to simulate surface water salinity in
Bangladesh, under different climate conditions. Similarly to our study,
they find that a reduced river discharge causes increased salt intrusion
across the GBM delta. However, with SLR scenarios of 0.25 and 0.5 m,
they observe no additional salt intrusion to the delta, which is contrary
to our study. In the highest SLR scenario of 1 m, they project that salinity
will increase, but the impact is restricted to the shallower coastal zone.
They also go on to study the impact of cyclones on salt intrusion, which
may be a direction for our further work.

Larger tides and rising MSLs lead to increased tidal penetration and
salt intrusion. Though there is little change in ocean salinity offshore in
the future projections, the tidal hydrodynamics are able to drive the
salty ‘ocean’ water further inland than in the recent past. As well as
affecting the salinity of river water, the movement of this salinity ‘front’
will likely also impact upon the salinity of the groundwater (Werner and
Simmons, 2009). Sherif and Singh (1999) project that a SLR of 0.5 m in
the Bay of Bengal will cause an additional increase in sea water intrusion
of 0.4 km. It is hard to put a single number on this salt intrusion over
such a complex river system and this should probably be considered on a
channel by channel basis. During the dry season we project an increase
in salt intrusion of around 10 km (Fig. 7) when considering the position
of the 2 PSU contour. However the movement of this front is not
coherent. Examining other thresholds, the contours can shift by as much
as 0-90 km, depending on the chosen value, and the maps are complex.

In the future, we see higher river discharges, but the impact of this
change is restricted mainly to the EES. This increased discharge is
enough to counteract the influx of sea water from rising sea-levels in the
east, keeping future river salinity here relatively unchanged from the
present day. In the WES, historically salinity values are high, and remain
so in future projections. The CES is the most sensitive, as it is this area
where strong salinity fronts currently exist. Here the position of the front
is critical, and salinities are projected to rise the most in future, partic-
ularly during the dry season where it can increase by over 10 in places
(Fig. 8). This area is also the most critical for irrigation, as the land use
here is predominantly agricultural.

In the future, a more extreme climate is projected for South Asia,
with drier pre-monsoon and wetter monsoon seasons (Fig. 2). This
shows the importance of analysing future projections seasonally, with a
focus on increased salt penetration in the dry-season. Future scenarios
project a delay in the arrival of irrigation quality river water, as well as a
change in the duration of the growing season, the length of time for
which freshwater is available for irrigation.

Clarke et al. (2015) assert that dry season irrigation water is likely to
become more saline by the end of the 21st century. Our results support
broadly this claim, while giving a more detailed spatial pattern to the
projection. We have demonstrated the impact that salt intrusion may
have on crop production, and potential impacts on subsistence liveli-
hoods and well-being. A link between salinity and poverty has already
been made by Johnson et al. (2016a), who present spatial maps of
poverty in this area, stating an “increase in levels and intensities of
salinity in a union increases the probability of the union being poor”, i.e.
areas of high salinity, especially in the western estuarine section are
strongly correlated with those districts experiencing the worst asset
poverty.

As well as affecting crop production, and native forests, future river
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water salinity will impact on local soil, and groundwater salinity. The
complex numerical model described in this work has contributed to an
emulator model (Lazar et al., 2015; Nicholls et al., 2016). In the latter
model, river salinity is modelled based on a linear relationship between
river discharge and ocean water level, and informs water quality and
agricultural productivity models. The salinity projections made in this
work have also informed a soil salinity model described in Payo et al.
(2017), and work on the future of the mangrove forest by Payo et al.
(2016).

While most of our conclusions here relate to irrigation waters, we
also make projections of the position of the salinity = 1 contour, which is
the threshold for safe drinking water. The authors acknowledge that
salinity is only one aspect of safe drinking water, and should be
considered in the context of other water quality parameters such as
arsenic, sewerage and pollution. Water quality and local salinity are not
synonymous, but closely related (Nahian et al., 2018). Water quality
could be related to nutrients and other pollutants, but here it is mainly
controlled by salinity. The future salinity projections made in this work
could also point to changes in nutrient pathways, and the fates of pol-
lutants and heavy metals. There is scope for future work related to tracer
pathways and nutrient cycling in the delta, using the unstructured
modelling approach.

While our specific conclusions are drawn from the GBM delta, they
have implications for similar tide-dominated deltas, where SLR can in-
crease tidal range, and therefore exacerbate salt intrusion. For example
De Dominicis et al. (2020) predict tidal amplification in the Pearl River
Delta due to SLR. similar findings are reported by Nhan (2016) in the
Mekong and Gong et al. (2012) in the Yangtze. This can be put into the
context of an acceleration of the hydrological cycle in future climate (e.
g. citekundzewicz2008climate). As many estuaries which already
experience salt intrusion, are likely to suffer from decreasing water
resource due to climate change reducing river flows and groundwater
recharge. From a global perspective, we may expect similar responses to
salt intrusion in other tide-dominated deltas, when SLR can override can
seasonal river discharge.

6. Conclusion

River salinity in the GBM delta can be simulated with a variable
resolution hydrodynamic model. The model presented here is capable of
capturing both tidal and seasonal timescales. Salt intrusion has a pro-
nounced spatial pattern, with the saltiest river waters observed in the
western estuarine section and the Sundarbans forest. Waters become
progressively fresher moving towards the east, and the mouth of the
lower Meghna. There is a strong seasonal signal in the freshwater dis-
tribution controlled by large river discharge during the monsoon
including within the freshwater plume which alters size, position and
vertical structure throughout the year. Tidal excursion of the freshwater
front can alter local river salinity by between 2 and 10 over the course of
a day. River salinity is largely controlled by a combination of annual
monsoon discharge and tidal processes.

A set of future scenarios were run to investigate the impact of rising
sea levels and changing river discharge in the GBM delta. Altered
freshwater input and ocean forcings affected the dynamics and crucially
the salinity in the GBM delta. Under all future projections dry-season
salinity is predicted to increase in the river channels. This increased
salt penetration affects river salinity most strongly in the central estu-
arine section, in the region of the freshwater front. During the wet
season, high river discharges in future climate scenarios enhance
freshwater delivery to the delta, and can maintains low salinity at the
mouth of the Meghna. In the eastern estuarine section, the increased
river flow and increased sea level are more balanced, so there is little
change in future salinity here.

We have demonstrated how SLR affects tidal dynamics, and in turn
the excursion of the salinity front. Rising sea levels are concluded to be
the most important factor controlling future river salinities in the GBM
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delta. The positions of the critical salinity contours (tipping-points for
drinking water and agricultural productivity) have been projected for
future wet and dry seasons, which shows that the central estuarine
section (a marginal environment for subsistence farming) is most at risk
from changing saline intrusion in the future. By extending projections of
surface salinity into water resource availably, we have drawn conclu-
sions about how climate change may impact on growing seasons and
therefore productivity on the GBM delta.

Due to the interaction between SLR and changing river discharge in
future projections the disparity between wet and dry season salt intru-
sion is seen to widen. In the future, rising sea-levels act to increase salt
intrusion in the GBM delta. During the dry season, this effect is enhanced
by reduced river discharge, leading to increased river salinity
throughout the delta. In the wet season, the SLR effect is counteracted to
some extent in the east by larger river discharge driven by an enhanced
monsoon. However the central and western side of the deltas is domi-
nated by SLR, leading to increased salt intrusion all year round. These
conclusions (while drawn from the GBM delta) have implications for
similar tide-dominated deltas, where SLR can increase tidal range, and
therefore exacerbate salt intrusion.
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